We analyze all publicly available long-term optical observations of the gravitationally lensed quasar PG1115+080 for the purpose of estimating time delays between its four components. In particular, the light curves of PG1115+080 components and Vakulik (∼ 2.7).
INTRODUCTION
According to General relativity, beams of light deviate from the straight line under the influence of the gravitational field of a massive object [11] . If a galaxy is located close to the line of sight between a far quasar and an observer, the light from the quasar passes different ways that leads to formation of several images of the quasar. The internal variability of a quasar manifests itself in light curves of all these images, but with time shifts. The time delay between manifestation of the internal variability of a quasar in a couple of its images is caused by geometrical difference of ways, light pass for each image, and difference of the gravitational potential in points corresponding to positions of quasar images.
Even before the discovery of the first gravitational lens, the double quasar QSO 0957+561, Refsdal showed that the time delay between manifestations of flux changes of a source (a supernova or a quasar) which is located behind a remote lensing galaxy and close to the line of sight allows determining the Hubble constant H 0 for certain model of the gravitational potential of a lensing galaxy [43, 44] . And vice versa, it is possible to investigate models of a lensing galaxy mass distribution using measured time delays and an estimated value of the Hubble constant, obtained with other methods.
A number of discovered gravitational lenses is increasing and every new one can become a candidate for Hubble constant estimation that allows minimizing systematic errors. By now, delays between components are measured for more than 20 lenses. Difficulties of time delay measurement in gravitational lens systems are concerned with the fact that the majority of gravitationally lensed quasars (GLQ) has rather small internal variability and there are manifestations of the micro-lensing effect due to separate stars of a lensing galaxy passing near ways of light forming images of a quasar. Therefore long-term homogeneous observations of GLQs with high resolution and robust time delay measurement methods are needed.
In this work, we analyze light curves of the components of the gravitationally lensed quasar PG 1115+080 to determine time delays. This is the second GLQ discovered and the first quadruple one. During first observations, three components A, B and C with relatively large angle separation (about 2") were discovered [64] . Later the brightest component A was resolved into two components A1 and A2 spaced 0."48 apart [16] , that confirmed assumptions by Young et al [65] . The system configuration corresponds to the source position near a macrocaustics fold. The redshift of the source is z S = 1.722 and the redshift of the lensing The same data were analyzed by Barkana [2] with different statistical approach. Using analytical representation of the light curves and taking into account correlated errors of photometry, he obtained τ CB = 25.0 We analysed the same Maidanak data sets with our modification of the Gaskell and Sparke method of the cross-correlation analysis [14, 15, 36] and obtained results supporting 'old' values of Schechter and Barkana [1] .
Another attempt to measure time delays in PG1115+080 based on observations in 1995-1996 was undertaken in 2011 by Eulaers and Magain using two fundamentally different techniques [12] . Modified numerical model fit technique [5] resulted in τ CB = 23.8 +2.8 −3.0 and τ CA = 11.7 ± 2.2, and minimum dispersion technique [39] resulted in τ CB = 17.9 ± 6.9 and τ CA = 7.6 ± 3.9 days. Because of such difference they concluded that estimation of time delays based on those data is impossible.
of its application to publicly available observational data sets.
OBSERVATIONS AND REDUCTION
There are three available long-term monitoring data sets for PG1115+080 suitable for time delay estimation: S1) V band observations from November 1995 to June 1996 with four instruments: Hiltner 2.4 m telescope, the Wisconsin-Indiana-Yale-NOAO 3.5 m telescope (WIYN), the Nordic Optical 2.5 m telescope (NOT), and the Du Pont 2.5 m telescope [48] In the CTIO+MDM light curves (S2), the scatter in the data is too high, so the internal quasar variability becomes almost indistinguishable except A1 and A2 components. Maidanak observations (S3) are more complete and homogeneous data of long-term monitoring of the object. The variety of techniques used for estimation of time delays in the PG1115+080 and mentioned in the Introduction is due to the need to work at the limit of a method resolution.
Our aim is to use available deficient information as accurately as possible.
The MCCF technique
To analyze available light curves of PG1115+080, we use method that is intermediate between ССF and DCF and is based on linear interpolation of the light curves [15] . Let A(t i ) and B(t i ) be the measured fluxes of two components of a GLS at a time moment t i .
The correlation coefficient between two time series A(t) and B(t) is calculated as follows:
where M is the number of data pairs propose to exclude data points obtained in the same night from the analysis. Unfortunately, we can not afford it, because then we have absolutely no data at the zero lag. Stability and robustness of the MCCF technique is repeatedly confirmed: it has been successfully applied to determine the time delay between the components of the first gravitational lens QSO0957+561 [53] , and to determine the time delay between flux changes in the near infrared and optical regions of the spectrum for several active galactic nuclei [35] , and for measuring time lags between flux changes in the optical continuum and emission lines, near-IR and optical continuum for NGC 4151 [33, 34, 37] . It is also used to determine the delay in the gravitational lenses QSO2237+0305 (Einstein Cross) [24] and UM673 [25] .
Application of the MCCF technique to light curves of PG1115+080
Expected values of time delays in the gravitational lens PG1115+080 are of the order of dozens of days [30] , that is significantly greater than the typical intervals between observations within a single season and less than an observation season duration, so chances of determining time delays, provided that there are an observable variability and lack of microlensing, are sufficiently large.
To successfully calculate a time delay, intervals between observations should not exceed 
Uncertainties
To calculate the uncertainty of time delay determination, we use Monte-Carlo approach that means application of the MCCF technique to a statistically large number of simulated light curve pairs with the specified time delay. The simulated light curves have to reflect the statistical properties of the quasar variability and properties of the observed light curves. For example, one of the ways to assess robustness of the method is to simulate the light curves from the real data and compare the light curves with some points removed by chance [38] . However that approach underestimates time-delay uncertainties because not all statistical properties of quasar variability are incorporated into the simulated light curves. Therefore we decided to construct every pair of light curves based on a simulated light curve of the quasar variability with randomized parameters. The second light curve is produced by shifting the first one by the specified time delay. Then we select points according to actual observations moments.
The quasar PG1115+080 can be referred to the family of quasars with average statistical properties. A quasar power spectrum in optical band can be modelled as power law with a mean index α = −1 [67] . To simulate the quasar light curve, we need an algorithm that is able to produce time series with the power-density spectrum S(ω) ∼ ω α randomizing both the phase and the amplitude of the Fourier transform of a signal. Such an algorithm was proposed by Timmer& Konig [58] .
The first step is to generate the power-density spectrum:
where N(0, 1) is a normally distributed stochastic variable with zero mean, and the standard deviation equal to 1. The simulated light curve is produced by applying the inverse Fourier transform to that power spectrum followed by renormalizing to the observed magnitudes.
The second light curve is generated by shifting the simulated light curve by given time delay.
To reflect the unevenness of actual light curves, the generated light curves are resampled as the observational ones. To simulate the photometry uncertainty, normally distributed random variables with zero mean and standard deviation equal to the actual photometry errors are added to the simulated light curves.
The Monte-Carlo histograms are presented in fig. 8 . We assume the range where 68 % of the 1000 realizations falls to be a confidence interval of the time delay determination (1σ).
DISCUSSION
Our results of time delay determination for PG1115+080 are summarized in the last row of the 
factor of 1.5.
In the last column of the Table 1 , the ratio τ AC /τ BA for PG1115+080 is presented. The time delay ratio doesn't depend on the Hubble constant and can be used for lens models comparison. Keeton and Kochanek investigated different models of the PG1115+080 lensing galaxy and theoretically calculated the ratio τ AC /τ BA to be in the range from 1.35 to 1.47 [22] . As can be seen in the last column of the contains small or zero portion of dark matter [18] . Hence, time delays between gravitational lens components allow estimating not only Hubble constant value, but portions of dark energy and dark matter also.
The time delay τ BC is less affected by systematic errors in comparison with shorter delays τ BA and τ AC . For this reason it is more often used for the Hubble constant estimation (e.g. see [22, 48] We analysed all available optical observations of the gravitational lens PG1115+080
with our cross-correlation technique to confirm or argue against that result. We failed to determine time delays based on combined data because of inhomogeneity of observations and possible errors of their initial processing. Observations of PG1115+080 in R band on [60, 61] and Rathna Kumar et al [46] . The ratio τ AС /τ BA is in agreement with Barkana's value and model predictions supporting adequacy of our results.
Our estimates of time delay suggest smaller value of the Hubble parameter than Vakulik et al results.
As long as different methods yield different values of time delays for the same data, it's early to talk about estimation of the Hubble constant. We have to identify reasons of such difference that can be due to interpolation and accounting for microlensing. To attain better accuracy, new homogeneous long-term observations and new methods of analysis taking into account microlensing and weight of every data point are also needed.
